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Abstract
Stable, quantized gravitational bound states of primordial black holes called Holeums
could have been produced in the early universe and could be a component of the Su-
per Heavy Dark Matter (SHDM) present in galactic halos. We show that Holeums of
masses ∼ 1013 − 1014 GeV and above are stable enough to survive in the present-
day universe. We identify such Holeums as promising candidates for the SHDM
”X-particle” and show that the decay of such Holeums by pressure ionization can
give rise to cosmic rays of all observed energies, including UHECR. The absence of
the GZK cut-off is explained by the galactic halo origin of the UHECR. We pre-
dict that the cosmic rays are a manifestation of the end-stage Hawking radiation
burst of the primordial black holes (PBH) liberated by the ionization of Holeums.
Antimatter detected in cosmic rays could be a signature of their Holeum origin.
Key words: Ultra High Energy Cosmic Rays, Dark Matter, Galactic Halos,
Holeum
1 Introduction
The origin of the Ultra High Energy Cosmic Rays (UHECR) is one of the
most profound mysteries in astrophysics [1,2,3]. Cosmic ray particles with
energies exceeding 1020 eV have been observed [4,5,6,7,8,9,10,11], which has
been interpreted by some to indicate the existence of Zevatrons in the universe
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[12,13,14,15], which are sources that accelerate cosmic ray particles to energies
as high as one ZeV = 1021 eV. There is much debate about the origin of
UHECR [16,17,18].
The prevailing theories of the origin of UHECR fall into two categories: ”bottom-
up” acceleration [3], and ”top-down” decay [19,20]. In the bottom-up scenario,
particles are accelerated from low energies to ultra-high energies in certain spe-
cial astrophysical environments. Examples are: acceleration in shocks associ-
ated with supernova explosions [21], active galactic nuclei (AGNs) [22,23] and
radio lobes of powerful radio galaxies [24]. In the top-down scenario, on the
other hand, UHECR originate from the decay of certain sufficiently massive
particles originating from physical processes in the early Universe, and no ac-
celeration mechanism is needed. Examples are: Topological Defects [25,26,27]
and Super Heavy Dark Matter (SHDM) [19,28], among many others.
Most of the currently favoured candidates for sources of UHECR, such as
radio galaxies [29,30,31,32], etc. lie at large cosmological distances (≫ 100
Mpc) from the earth. This is a stumbling block if the UHECR particles are
hadrons or heavy nuclei, due to the Greisen-Zatsepin-Kuzmin (GZK) effect
[33,34]. Greisen and, independently, Zatsepin and Kuzmin noted that cosmic
ray nucleons with energies exceeding ∼ 4 × 1010 GeV would suffer severe
energy losses through scattering on the Cosmic Microwave Background (CMB)
photons due to photo-production of pions. The mean-free path for the CMB
photons is of the order of a few Mpc [35]. Consequently the typical range of
cosmic ray nucleons should decrease rapidly above this energy, leading to a
‘GZK cut-off’ in the energy spectrum if the sources are cosmologically distant.
The absence of such a cut-off would imply that the sources are nearby, within
the local supercluster. Recent calculations [36] indicate that the typical range
of a nucleon drops below ∼ 100 Mpc above 1011 GeV. The mean free path is
estimated to be ∼ 1 − 5 Mpc at 1011 GeV [37,38,39,40]. It therefore appears
unlikely that UHECR would originate from large cosmological distances.
In this paper, we put forth the Holeum [41] as a SHDM ”X-particle” and
demonstrate that the ionization of Holeums in galactic halos can give rise to
cosmic rays of all observed energies, including UHECR. The absence of the
GZK cut-off can be attributed to the galactic halo origin of the UHECR. The
remarkable feature of this model is that the cosmic rays are a manifestation
of the end-stage Hawking radiation burst of the primordial black holes (PBH)
liberated in ionizing collisions among the stable Holeums in galactic halos. The
Hawking radiation origin can explain the detection of antimatter in cosmic
rays.
2
2 The Holeum as a SHDM X-particle
2.1 Background
Over the last 20 years, compelling theoretical and observational evidence has
built up that the visible matter in the universe makes up a very small fraction
of the total matter composition of the universe [42]. It is now accepted that the
universe is composed of approximately 73% dark energy, 23% dark matter, and
about 4% visible matter [43,44,45]. Consequently, the nature and identity of
the dark matter of the Universe has become one of the most challenging prob-
lems facing modern cosmology. Several candidates for dark matter particles
have been proposed, which include Standard Model neutrinos [46,47], Sterile
neutrinos [48,46], Axions [46,49], Supersymmetric particles [46,50,51,52,53,54],
dark matter from Little Higgs models [55,56,57,58,59], Kaluza-Klein dark
matter [60,61], WIMPZILLAs [62], Cryptons [63,64], primordial black holes
[65,66,67], WIMPs [68], and super-heavy X-particles [28,69,70,71,72,73,74,75,76,77,78].
Galaxies are observed to have dark matter halos which contain far more mat-
ter than their visible regions [79,80,81]. Most galaxies are not dominated by
dark matter inside their optical disks [79,80,81], which suggests that the dark
matter has properties that segregate it from visible matter.
It has been theorized that super-heavy X-particles [28,69,70,71,72,73,74,75,76,77,78]
left over as relics from the primordial universe may be a constituent of the
dark matter present in the universe. These X-particles are believed to have
masses in the range MX ∼ 10
12 − 1016 GeV and are expected to exhibit the
properties that characterize the matter contained in the dark matter halos of
galaxies.
2.2 Properties of Holeum
The theory of Holeum was presented in [41]. The energy eigenvalue En of a
Holeum consisting of two identical primordial black holes of mass m is given
by
En = −
mc2α2g
4n2
(1)
where n is the principal quantum number, n = 1, 2, ...∞ and αg is the gravi-
tational analogue of the fine structure constant, given by
αg =
m2G
~c
=
m2
m2P
(2)
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where
mP =
(
~c
G
) 1
2
(3)
is the Planck mass. Here ~ is Planck’s constant divided by 2pi, c is the speed
of light in vacuum and G is Newton’s universal constant of gravity. The mass
of the nth excited state of a Holeum is given by
mH = 2m+
En
c2
(4)
The atomic transitions of a Holeum will give rise to gravitational radiation,
whose frequencies have been predicted in [41]. Since the Holeum emits only
gravitational radiation and no electromagnetic radiation, it is a dark matter
candidate. The condition for the stability of a Holeum is
m < mc (5)
where m is the mass of the two identical primordial black holes that constitute
the bound state and
mc = 0.8862mP = 1.0821× 10
19 GeV (6)
The radius of the of the nth excited state of a Holeum is given by
rn =
(
n2R
α2g
)(
pi2
8
)
(7)
where R =
(
2mG
c2
)
is the Schwarzschild radius of the two identical primordial
black holes that constitute the Holeum. We present the ground state values
of these parameters of Holeums in Table 1.
Table 1. The ground state values of some parameters of Holeums.
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m (GeV) |E1| (GeV) r1 (m) mH (GeV)
1.0× 103 1.124437× 10−62 7.233994× 1013 2.00× 1003
1.0× 107 1.124437× 10−42 7.233994× 1001 2.00× 1007
1.0× 1011 1.124437× 10−22 7.233994× 10−11 2.00× 1011
1.0× 1012 1.124437× 10−17 7.233994× 10−14 2.00× 1012
2.5× 1012 1.098083× 10−15 4.629756× 10−15 5.00× 1012
5.0× 1012 3.513865× 10−14 5.787195× 10−16 1.00× 1013
7.5× 1012 2.668341× 10−13 1.714725× 10−16 1.50× 1013
1.0× 1013 1.124437× 10−12 7.233994× 10−17 2.00× 1013
2.5× 1013 1.098083× 10−10 4.629756× 10−18 5.00× 1013
5.0× 1013 3.513865× 10−09 5.787195× 10−19 1.00× 1014
7.5× 1013 2.668341× 10−08 1.714725× 10−19 1.50× 1014
1.0× 1014 1.124437× 10−07 7.233994× 10−20 2.00× 1014
2.5× 1014 1.098083× 10−05 4.629756× 10−21 5.00× 1014
5.0× 1014 3.513865× 10−04 5.787195× 10−22 1.00× 1015
7.5× 1014 2.668341× 10−03 1.714725× 10−22 1.50× 1015
1.0× 1015 1.124437× 10−02 7.233994× 10−23 2.00× 1015
1.0× 1017 1.124437× 1008 7.233994× 10−29 2.00× 1017
1.0× 1018 1.124437× 1013 7.233994× 10−32 2.000011× 1018
1.0× 1019 1.124437× 1018 7.233994× 10−35 2.112444× 1019
It can be readily seen that the physical properties of Holeums of masses rang-
ing between 1013 GeV and 1014 GeV make them promising candidates for a
super heavy dark matter (SHDM) X-particle. A Holeum is the gravitational
analogue of a hydrogen atom. It is as stable as the latter. It is well-known
that hydrogen undergoes pressure ionization in concentrations of the gas such
as stars, galaxies, nebulae, etc. Holeums too can undergo pressure ionization
via a similar process. Large concentrations of Holeums in the galactic halos
may eventually lead to structure formation such as Holeum stars and their
clusters. The existance of a dark matter galaxy in the Virgo cluster has been
reported [82]. The temperatures that exist in the interiors of stars of ordinary
matter may also be available in such large concentrations of Holeums referred
to above.
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From Table 1 we can see that the ionization energy of a Holeum having con-
stituent masses 1015 GeV or greater is 11.24 MeV or greater which corresponds
to a temperature greater than 1011 K that is far higher than that available in
stars and galaxies. The ionization energy of a Holeum consisting of two iden-
tical PBHs of mass 1014 GeV is 112.4 eV. This corresponds to a temperature
of 1.305 × 106 K which readily obtains in stars. It is clear that the pressure
ionization of Holeums having constituent masses around 1014 GeV is possible
in stars. On the other hand, a Holeum of mass of the order of 1013 GeV has an
ionization energy of the order of 10−3 eV, which corresponds to a temperature
of the order of 10 K - which is almost the same as the present day CMBR
temperature. Such Holeums would ionize easily and would not be expected to
survive in the universe today. We can therefore expect Holeums of masses ∼
1013 − 1014 GeV and above to be stable enough to survive in the present-day
universe.
Because of the possible copious production of PBH in the early universe
[83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103], Holeums could
be an important component of dark matter in the universe today. Holeums
interact only gravitationally. By the time the particles of ordinary matter such
as atoms and molecules were formed in the early universe, the gravitational in-
teraction had become the weakest. In addition to the gravitational interaction,
the particles of ordinary matter have three other, stronger, interactions. This
would readily result in a segregation of Holeums from the particles of ordi-
nary matter. But due to gravity the former would still cling to the latter, very
weakly. This therefore would have resulted in the accumulation of Holeums in
the halos of galaxies. Another reason for the accumulation of Holeums in the
halos of galaxies is the centrifugal force of the rotating galaxies. Holeums are
generally much more massive than the particles of ordinary matter. Therefore
the centrifugal force on them is greater, and this would naturally pull Holeums
to the fringes and the halos of galaxies. Since Holeums are invisible, so are
the galactic halos. Holeums of masses ∼ 1013 − 1014 GeV and above would
therefore be an important constituent of the SHDM present in the galactic
halos. Holeums of masses between 1013 − 1014 GeV would occasionally un-
dergo pressure ionization due to local conditions in galactic halos. Holeums of
masses ∼ 1013 − 1014 GeV and above can therefore be considered promising
candidates for the SHDM X-particle.
3 Holeum origin of UHECR
The ionization of a Holeum will destroy the bound state and expose the two
individual black holes that constitute the Holeum. These will undergo Hawking
evaporation and explode instantly into two cascades of particles, and γ-rays.
Some of the ejecta from the black hole evaporation will hadronize into ultra-
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high energy particles. Some of the particles emitted can carry kinetic energies
of the order of 1% of the total energy emitted [28]. These are the UHECR
observed on the earth. Each burst of Hawking radiation will have a total energy
of upto 1023 eV. Remembering that a part of the energy liberated will be in
the form of the rest energies of the emitted particles, the figure 1020 eV for the
highest energy of the cosmic rays observed on earth is readily comprehensible.
This mechanism can explain cosmic rays of all observed energies. Holeums
can therefore be identified as the SHDM X-particles that are thought to be
the sources of UHECR [28,69,70]. In this theory of the origin of UHECR, the
particles are created with such high energies that the need for exotic sources
of acceleration does not arise.
Holeums of masses higher than 1014 GeV would be extremely stable and their
decays would consequently be very rare. Such decays, however, would liberate
energies of upto the order of 1028 eV which correspond to Holeums having
masses of the order of 1 × 1019 GeV. Such Hyper High Energy Cosmic Rays
(HHECR) would be direct evidence of the decay of heavy Holeums. Thus,
Holeums can give rise to cosmic rays in the energy range upto the order of
1028 eV of which only those upto 1021 eV have so far been observed.
4 UHECR from the galactic halo and the absence of the GZK
cut-off
A unique property of Holeums is that they tend to accumulate almost exclu-
sively in the galactic halos. Thus, we make the unique prediction that UHECR
will originate mainly in the galactic halos. The non-central position of the sun
in the galactic halo should therefore result in an anisotropic flux of UHECR
observed on earth [106,107]. There is observational support for this predic-
tion. As far back as 1983, Giler observed: ”The observed anisotropy can be
accounted for only if the diffusion in the disk is much smaller than that in the
halo” [105]. This property of Holeums provides a natural explanation for the
absence of the GZK cut-off. As discussed above, the GZK cut-off significantly
affects those cosmic rays that originate at large cosmological distances (≫
100 Mpc) from the earth, but not those whose sources are nearby, within the
local supercluster. According to the Holeum origin model, cosmic rays arise
due to the pressure-ionization of Holeums in the halos of galaxies. It is obvi-
ous that the number of the cosmic rays emitted by the Holeums accumulated
in the local galactic halo will be overwhelmingly large compared to that of
those originating at cosmological distances. Any depletion caused by the GZK
cut-off affects only the latter class which is insignificant in quantity. Hence
there may not be any observable depletion in the overall quantity received on
the earth. This provides a plausible explanation for the absence of the GZK
cut-off.
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5 Observational Evidence from Cosmic Ray Antimatter
Further support for the Holeum origin of cosmic rays arises from the observa-
tion of antiparticles, especially antiprotons, in cosmic rays. Antiprotons are one
of the most precisely measured particles among the various antimatter species
in cosmic rays [108,109,110,111,112,113]. The Hawking radiation emitted by a
black hole contains both particles and antiparticles but does not conserve the
baryon number. Now we can readily see that a macroscopic stellar-mass black
hole does not emit any significant amount of Hawking radiation. For this we
note that the decay rate of a black hole is given by
dm
dt
= −
κ
m2
(8)
where
κ =
g∗~c
4
7680piG2
= 9.84197× 1073 GeV4 (9)
Here m is the mass of the black hole in GeV. The Hawking temperature of a
black hole is given by
T =
hc
8pi2kBR
=
hc3
16pi2kBGm
=
9.45× 1035
m
GeV (10)
Now from equation (8) we can show that the rate of loss of mass by a solar
mass (1.98892×1030 kg. ≡ 1.12×1057 GeV) black hole is equal to −7.89×10−32
eV/s which is negligible because the black hole will take 1032 seconds to emit
7.89 eV of Hawking radiation. The temperature of such a black hole is of the
order of 10−9K; which is hardly conducive for emission of any type at all. It is
therefore evident that macroscopic black holes cannot produce the antimatter
detected in cosmic rays. It has been theorized that primordial black holes are
the source of antimatter detected on earth [114,115,116]. The theory of Holeum
is in agreement with this theory, and provides a natural way of preserving the
PBHs intact to the present day, until they evaporate due to the ionization
of the Holeum they are part of. The ionization of Holeums, leading to the
Hawking evaporation of its constituent PBHs, therefore provides a natural
explanation for the presence of antimatter in cosmic rays.
6 Conclusions
The following are the main features of the theory of the Holeum origin of
cosmic rays:
(1) Holeums of masses ∼ 1013 − 1014 GeV and above can be identified as
promising candidates for the SHDM X-particle.
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(2) Pressure ionization of Holeums accumulated in the galactic halos can give
rise to cosmic rays of all observed energies including UHECRs and upto
the order of 1028 eV.
(3) Cosmic rays are a manifestation of the end-stage Hawking radiation burst
of the primordial black holes (PBH) liberated in ionizing collisions among
the stable Holeums in galactic halos.
(4) Antimatter detected in cosmic rays could be a signature of their Holeum
origin.
(5) The galactic halo origin of the UHECR explains the absence of the GZK
cut-off.
The Holeum has been conjectured to be a dark matter particle that may be a
component of galactic halos [41]. We have shown in this paper that it provides
a natural explanation for a number of cosmological phenomena related to
cosmic rays. It has been theorized that Holeums could give rise to a class of
short lived gamma ray bursts [104]. The theory of Holeum, though promising,
is in the nascent stage and much future theoretical and observational work
needs to be done to prove its adequacy and role in cosmology.
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